Localization of G-protein-coupled receptors within membrane microdomains is associated with differential signalling pathway activation. We have shown that two mouse β 3 -AR (β 3 -adrenoceptor) isoforms encoded by alternatively spliced mRNAs differ in their signalling properties; the β 3a -AR couples only with G s , whereas the β 3b -AR couples with both G s and G i . Our previous studies indicated that the β 3a -AR is restrained from coupling with G i due to the interaction of residues in the C-terminus with other protein(s). We have investigated the hypothesis that the β 3a -AR interacts with caveolin. Disruption of caveolae in CHO (Chinese-hamster ovary)-K1 cells expressing wild-type β 3a -ARs with filipin III, or mutation of a putative caveolin-binding site in the β 3a -AR, causes cAMP accumulation to become PTX (pertussis toxin)-sensitive. Likewise, filipin treatment of mouse brown adipocytes that express endogenous β 3a -ARs produces a substantial reduction in agonist-stimulated cAMP production that is rescued by pre-treatment with PTX. These studies suggest that β 3a -ARs may be restricted to caveolae and that localization of the receptor may play a specific role in G-protein-mediated signalling.
Introduction
The plasma membrane is not a random or uniform array of lipids and proteins, but instead has higher order structures that are critical to the functioning of receptors, ion channels and signalling proteins. For example, caveolae are flaskshaped invaginations in the cell membrane that represent a subset of lipid rafts and are rich in cholesterol, sphingolipids and caveolin proteins. Caveolae have been implicated in a wide variety of cellular processes, including signalling by GPCRs (G-protein-coupled receptors) such as β 2 -AR (β 2 -adrenoceptor) [1, 2] , GLP1R (glucagon-like peptide 1 receptor) [3] and the κ opioid receptor [4] . There are three separate caveolin proteins, Cav1 (caveolin protein 1)-Cav3, that consist of a cytoplasmic N-terminus, a 21-amino-acid hairpin structure that inserts into the cell membrane and a cytoplasmic C-terminus with three palmitoylation sites. Cav1 and Cav2 are widely expressed in most cell types, whereas Cav3 is expressed primarily in skeletal and cardiac muscles. In mice, deletion of either the Cav1 or Cav3 gene, but not the Cav2 gene, causes loss of caveolae in specific cell types [5] [6] [7] . The formation of caveolae is associated with trafficking of caveolins from the endoplasmic reticulum to the cell surface and concomitant homo-oligomerization. A 20-amino-acid scaffolding domain within the N-terminal region is responsible for the homo-oligomerization of caveolins and for their interaction with an array of signalling proteins and receptors. 
Differential coupling of β 3 -AR isoforms with multiple signalling pathways
Although GPCRs were originally categorized by their coupling with one type of G α , it is now well established that receptors are not simple binary switches, but instead show promiscuous coupling and activate multiple signalling pathways. Activated receptors may couple with these pathways by adopting distinct but active conformational states that have differing affinity for G α subunits. Alternatively, a primary wave of signalling may be accompanied by receptor phosphorylation and/or additional protein interactions, leading to desensitization of the initial response, receptor relocation and activation of secondary signalling pathways. The β 3 -AR couples with stimulatory G s proteins, thereby activating adenylate cyclase and increasing cAMP production. Concomitant coupling with inhibitory G i proteins and a resulting inhibition of cAMP production has been reported in primary white and brown adipocytes that express endogenous β 3 -ARs [8] [9] [10] . G i coupling has also been implicated in β 3 -ARmediated phosphorylation of ERK1/2 (extracellular-signalregulated kinase 1/2), although findings from various studies differ. Pretreatment of mouse 3T3-F442A and C3H10T1/2 adipocytes with PTX (pertussis toxin) inhibits β 3 -ARmediated ERK1/2 phosphorylation [9, 11] , whereas mouse 3T3-L1 adipocytes are not PTX-sensitive [12] . In primary cultures of mouse brown adipocytes, ERK1/2 phosphorylation occurs exclusively via G s -activated pathways [10] . PTX inhibits ERK1/2 phosphorylation in cells expressing the human β 3 -AR [9, 13] , but not in CHO (Chinese-hamster ovary)-K1 cells expressing the mouse β 3 -AR [14] .
We previously identified two splice variants of the mouse β 3 -AR [15] that have different properties, the β 3b -AR coupling with both G s and G i , but the β 3a -AR coupling only with G s [14] . To define the residues involved in this differential coupling, we generated truncated receptors lacking either of the splice regions and showed that cAMP accumulation in response to the β 3 -AR selective agonist CL316243 was increased by 59 % by pre-treatment with PTX, indicating that, like the β 3b -AR, this receptor is able to couple with G i [16] . Hence the lack of G i coupling displayed by the β 3a -AR is due to interference by the C-terminal tail. This could happen because (i) amino acid(s) in the unique β 3a -AR C-terminus undergo intramolecular interaction with residues in the G i -coupling domains, or (ii) amino acid(s) in the C-terminus bind to a separate protein or complex, causing a conformational change that favours coupling with G s over G i , or resulting in localization of the receptor to a cellular compartment where it cannot couple with G i . We used the cell-permeable peptide Tp10 (transportan 10) [17] , linked to peptides corresponding to the unique β 3a -and β 3b -AR C-termini, to distinguish between mechanisms involving intramolecular or intermolecular interactions. Treatment of cells with Tp10-p3a caused the cAMP responses to CL316243 in the β 3a -AR to become PTX-sensitive, whereas the corresponding Tp10-p3b peptide had no effect on responses to CL316243 by any of the β 3 -ARs, and Tp10-p3a did not affect signalling by the β 3b -AR or the truncated β 3 -AR. Our findings indicated that the β 3a -AR C-terminal tail interacts with a distinct protein or signalling complex, and we proposed that binding of protein(s) such as caveolin or other scaffolding proteins to the β 3a -AR C-terminus may localize the receptor to membrane microdomains or intracellular compartments where it cannot couple with G i [16] .
The β 3a -AR tail includes a motif that is similar to the caveolin interaction motif of many proteins (normally X XXXX or XXXX XX , where is a hydrophobic residue, β 3a -AR tail is RFDGYEGARPFPT). We have made a mutant β 3a -AR in which all three aromatic residues (Phe 389 , Tyr 392 and Phe 398 ) are mutated to alanine (FYF-A β 3 -AR). The cAMP response to CL316243 in cells expressing the FYF-A β 3 -AR is PTX-sensitive, indicating acquisition of G i coupling. On the other hand, the single mutation Y392A does not confer PTX-sensitivity, indicating that the entire Phe 389 /Tyr 392 /Phe 398 motif is not required for suppression of G i coupling. We have also used the agent filipin III to disrupt caveolae in CHO-K1 cells expressing the wild-type β 3a -AR and in primary brown adipocytes that express endogenous β 3a -ARs [18] . In CHO-β 3a -AR cells, treatment with filipin prior to stimulation with CL316243 does not alter maximal cAMP accumulation. In the presence of filipin, however, cAMP is increased by 77% following pre-treatment with PTX compared with cells treated with filipin alone. Filipin treatment of brown adipocytes also causes the CL316243-stimulated cAMP response to become PTX-sensitive. Unlike in CHO-K1 cells, however, treatment of brown adipocytes with filipin in the absence of PTX reduced the maximal response to CL316243 by 85 %. These findings suggest that, in brown adipocytes, β 3 -AR signalling is intimately connected with the presence of lipid rafts/caveolae.
Adipocyte caveolin
The role of Cav1 in both white and brown adipocytes has been examined using Cav1
−/− mice [19, 20] . In wild-type mice, environmental stimuli or pharmacological treatment promote the breakdown of fat (lipolysis) in both brown and white adipose tissues, causing release of glycerol and NEFA (non-esterified fatty acid). Adipocyte β-ARs stimulate the G s /adenylate cyclase/PKA pathway, promoting lipolysis via phosphorylation of perilipin and HSL (hormone-sensitive lipase). CL316243-stimulated lipolysis is reduced by 5-fold in white adipocytes isolated from Cav −/− mice compared with wild-type mice, despite a substantial increase in basal PKA activity. Cohen et al. [19] have shown that Cav1 has a dual role in white adipocytes. Under basal conditions, Cav1 inhibits PKA activity via a direct interaction with the PKA catalytic subunit. Following CL316243 stimulation, on the other hand, Cav1 forms a signalling complex with PKA and perilipin, facilitating phosphorylation of the perilipin and subsequent lipolysis that is blocked in Cav −/− adipocytes. The same effect of Cav1 deletion is seen in brown adipose tissue, where perilipin phosphorylation and the mobilization of triacylglycerols usually associated with fasting/cold exposure are substantially blocked [20] . These findings provide an interesting link between Cav1 and β 3 -AR function. We are currently using several approaches to determine whether β 3 -AR isoforms undergo differential interaction with caveolin.
